Since many π-conjugated compounds have excellent characters, various applications have been proposed. 1 More recently, organic devices have attracted much attention, and aromatic amines have been especially expected as the active layer of these devices to exhibit interesting optical and electrical properties. [2] [3] [4] While silicon-based materials and their polymers also have been a subject of recent interest in connection with their potential utility as organic devices because of singular opto-electronic properties which originate from the Si-Si σ unit and π-electron system. 5, 6 Phenazasiline having silicon bridged diphenylamine structures has interesting properties. [7] [8] [9] [10] We have already reported that poly(phenazasiline) is effective as a hole transport layer of EL devices and electrochromic displays. 11, 12 In addition, comparing with that for poly(diphenylamine), we found that introduction of Si-bridging unit promoted the delocalization of oxidized radical cation in the polymer. 12 To examine the effect of Si-bridging on the delocalization of radical cation, spectroelectrochemical properties of Si-bridged diphenylamines were studied in this work. A combination of cyclic voltammetry and in situ UV-Vis spectroscopy was used to measure simultaneous electric, optical and structural changes in the electrochemical reactions.
Experimental

Reagents
All the chemicals used were of reagent grade. Chemical structures of diphenylamine derivatives used in this study are shown in Fig. 1 .
Bis(4-biphenylyl)methylamine DPA was prepared as follows. Under N2, a 6-mL volume of THF solution of 1.0 M phenylmagnesium bromide was added to a solution of 1.04 g (3.0 mmol) of bis(4-bromophenyl)methylamine, 13 and 90 mg of NiCl2 (dppp) in 20 mL of THF. After stirring under reflux for 24 h, the reaction mixture was extracted with ether. The crude product was washed by methanol and the powder was collected and dried under vacuum. Yield was 0.61 g (60%). Data of DPA. 1 H-NMR (CDCl3): δ 7.0 -7.8 (m, 13H), 3.41 (s, 3H). 13 Spectroelectrochemical properties of monosilane bridged diphenylamine (5,10-dihydro-2,8-diphenyl-5,10,10-trimethylphenazasiline, Phenaz) and disilane bridged diphenylamine (2,8-diphenyl-10,11-dihydro-10,11-disila-5,10,10,11,11-pentamethyldibenzo[b,f]azepine, DSiAzep) were investigated. The electrochemical oxidation of Phenaz was reversible and its cyclic voltammogram was almost the same shape as that of diphenylamine (DPA). The electrochemical oxidation of DSiAzep was followed by irreversible reactions leading to the cleavage of the Si-Si bond. On electrochemical oxidations of Phenaz and DPA, the formation of a stable radical cation was observed with UV-Vis spectroscopy. In comparison with the absorption characteristics of oxidized radical cations, it was seen that the oxidized radical cation of Phenaz was more delocalized than that of DPA. In the same way, absorption characteristics of oxidized DSiAzep were observed to be different from those observed in Phenaz and DPA. 
Cyclic voltammetry
Elecrochemical control of the experiments was achieved using a BAS electrochemical analyzer Model 660. A three electrodes system was used, consisting of a glassy carbon (GC) electrode (BAS, 3 mm in diameter) as the working electrode, a platinum wire counter electrode, and an Ag/Ag + (10 mM AgNO3) reference electrode. The electrolyte solutions were 0.1 M tetran-buthylammonium perchlorate (TBAP) in dehydrated acetonitrile.
Spectroelecrochemistry
For in situ spectroelectrochemical measurements, a flowthrough electrolysis cell was used. 15, 16 Figure 2 shows a crosssectional diagram of a flow-through electrolysis cell. A Vycor glass tube (Giken Kagaku, 5 cm length × 7 mm o.d.) was used as a separator between the working and counter electrode compartments. The working electrode was a GC sphere (Tokai Carbon, <100 µm diameter) with a 0.2 mm Pt wire, a lead of the working electrode. The sample solution was carried into the cell by an IWAKI peristaltic pump PST-100N at 0.5 ml/min, after that it was carried into the spectrometer. Each potential was maintained during spectrum measurements. By examining the oxidation of ferrocene, we found that the electrolysis using this flow cell was quantitative (>98% efficiency), and that the number of electrons transferred could be evaluated directly from the limiting current.
Thus, each sample solution was electrolyzed completely before it reached the outlet of the cell.
Results and Discussion
Spectroelectrochemical properties of Phenaz
The cyclic voltammogram (CV) of Phenaz showed a reversible one-electron transfer process with E o′ = 0.605 V (Fig.   546 ANALYTICAL SCIENCES APRIL 2001, VOL. 17 
3(A)
). On the oxidation of DPA, its voltammogram (E o′ = 0.535 V) shown in Fig. 3(B) was almost the same as that of Phenaz. In addition, both CVs showed stable shapes during continuous potential scans. However, no clear response of CV of dimethyldiphenylsilane was observed in the measurement potential range. Consequently, the electron transfer reaction was achieved on the N atom, [17] [18] [19] [20] and the Si atom was irrelevant for the electrochemical oxidation of Phenaz.
UV-Vis spectroelectrochemistry was used to obtain further details regarding the oxidation processes. Figure 4(A) shows the absorption spectrum change of Phenaz in the potential change. The absorption maximum of neutral Phenaz around 334 nm decreased with an increase in potential, and then new absorption bands around 396 nm and 930 nm increased. These absorption bands achieved a maximum value at about 0.5 V, which was near the anode peak potential as shown in Fig. 3(A) . These bands are attributed to the absorption characteristics of oxidized radical cations of Phenaz (Phenaz +· ), which are detected easily because of the stability of the delocalized radical cation as seen in its reversible voltammogram. [17] [18] [19] [20] The oxidation absorption change of DPA was also observed for comparison (Fig. 4(B) ). The oxidation of DPA produces the radical cation (DPA +· ), which has maxima at 392 nm and 817 nm. From a comparison of the longer wavelength side (>600 nm) of both radical cations, the absorption band of Phenaz +· (930 nm) is longer than that of DPA +· (817 nm). This result indicates that delocalization in the molecular of Phenaz +· occurs more easily than that of DPA +· . To understand the difference of delocalization of the two radical cations, we tried to examine from the molecular viewpoint. As described before, two benzene units of Phenaz through the N atom are fixed by the Si atom. According to the HOMO of Phenaz optimized by MOPAC/PM3 calculation (WinMOPAC Ver. 2.0, Fujitsu) as shown in Fig. 5(A) , this compound has large orbitals on two benzene units through the N atom. On X-ray crystal analysis, however, since the sum of the bond angles around the N atom of Phenaz is 358.2˚, it seems that the N atom has sp 2 -type properties. 14 In other words, the bond angles around N atom of Phenaz are almost planar and this fact seems to be favorable to the delocalization of radical cations in the π-conjugation system.
Results of spectroelectrochemical measurements and computer calculations for Phenaz showed that the Si-bridging enhances the delocalization of Phenaz +· .
Spectroelectrochemical properties of DSiAzep
The CV of DSiAzep, disilane-bridged DPA, was shown in Fig. 6 . Although CVs of Phenaz and DPA showed one reversible redox, that of DSiAzep was irreversible (Epa = 0.705 V).
This irreversible behavior is widely observed for compounds having an Si-Si bond, such as hexamethyldisilane (Me3SiSiMe3), which involves Si-Si bond cleavage. [21] [22] [23] Furthermore, from the large difference in CV shapes between the first scan and the second scan, it seems that the oxidation reaction of DSiAzep is slower than those of Phenaz and DPA, as shown in Fig. 3 . This phenomenon is attributed to the slow reaction with Si-Si bond cleavage as inferred from the low value of transfer coefficient. 21 On the other hand, since continuous CV curves at slower scan rates (20 mV/s) are very similar in shape (Fig. 6(B) ), it seems that the electrochemical equilibrium is achieved completely within this potential scan time. Though it seems that Si-Si bond cleavage occurs in electrochemical oxidation for DSiAzep, the reversible response of N atom observed in Fig. 3 is not shown clearly.
It is known that the electrochemical oxidation of Me3SiSiMe3 is a two-electron process. 21 By using a flow-through electrolysis cell, the overall reaction for DSiAzep resulted in approximately 3.0 electrons per molecule. This result suggests that Si-Si bond cleavage (a two-electron process) and N atom oxidation (an one-electron process) are occurring simultaneously on DSiAzep oxidation.
To understand the detailed oxidation mechanism of DSiAzep, spectrochemical properties were studied. On initial oxidation (from -0.15 V to 0.55 V), the absorption maximum of neutral DSiAzep at 263 nm decreased with an increase in potential, and then new absorption bands at 329 nm and 400 nm increased 547 ANALYTICAL SCIENCES APRIL 2001, VOL. 17 ( Fig. 7(A) ). On the other hand, the cleavage for compounds having Si-Si bonds is well known for photochemical processes involving UV irradiation. 24, 25 Since UV irradiation of DSiAzep in acetonitrile showed a decrease in absorption band at 263 nm, this absorption band was attributed to σ-σ* transition of Si-Si bond. The absorption band at 329 nm is almost equal to the absorption band observed in the neutral state of Phenaz and DPA attributed to π-π* transition. Though the absorption band at 400 nm is not yet identified, it might be an intermediate produced on Si-Si bond cleavage. 21, 24 Thus, it may be concluded that the initial oxidation for DSiAzep do not lead to the oxidation of N atom but to Si-Si bond cleavage because of the absence of any absorption band attributed to radical cation on N atom. Figure 8 (A) shows a plot of relative changes in absorbance for DSiAzep at 263 nm and 329 nm against applied potential, Eapp and then the number of electrons involved in oxidation, n and formal potential, E o′ are estimated by the Nernst equation (Eq. (1)): [26] [27] [28] 
where the concentration ratio for oxidized DSiAzep, [Ox] may be obtained as relative absorption changes at 329 nm. As shown in Fig. 8(A) , the experimental results agree well with n = 2.0 and E o′ (1) = 0.475 V by Eq. (1), and consequently, support the existence of an Si-Si bond cleavage reaction. On further oxidation (>0.6 V), the absorption band at 329 nm decreased and then new absorption band at 396 nm and 929 nm increased (Fig. 7(B) ). Since this observation is similar to the behavior of Phenaz and DPA shown in Fig. 4 , it seems that the delocalized radical cation involving N atom oxidation is generated. The relative changes in absobance at 329 nm and 929 nm were plotted against potential in Fig. 8(B) . Furthermore, n and E o′ (2) for N atom oxidation of DSiAzep were estimated to be 1.0 and 0.660 V, respectively by Eq. (1). Consequently, the overall reaction mechanism for DSiAzep can be exemplified as Scheme 1.
From the above results, one can state that DSiAzep do not have aromatic amine properties because N atom oxidation occurs after Si-Si bond cleavage. Figure 5 (B) shows HOMO of DSiAzep optimized by MOPAC/PM3 calculation, which has larger orbitals on Si-Si bond than on two benzene units through N atom. Furthermore, X-ray analysis revealed that the sum of the angles around N atom is 337.8˚. 14 These results indicate that the N atom of DSiAzep has sp 3 -type properties, so the π-conjugation system seems not to be expanded through N atom.
We conclude that the Si-bridging exerts influence on the electronic structure of diphenylamine.
